Formation of Ultracold Fermionic NaLi Feshbach Molecules 
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We describe the formation of fermionic NaLi Feshbach molecules from an ultracold mixture of 
bosonic 23 Na and fermionic 6 Li. Precise magnetic field sweeps across a narrow Feshbach resonance at 
745 G result in a molecule conversion fraction of 5% for our experimental densities and temperatures, 
corresponding to a molecule number of 5 x 10 4 . The observed molecular decay lifetime is 1.3 ms 
after removing free Li and Na atoms from the trap. 
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The preparation and control of ultracold atoms has 
led to major advances in precision measurements and 
many-body physics. One current frontier is to extend 
this to diatomic molecules. Early experiments focused 
on homonuclear molecules, where highlights included the 
study of fermion pairs across the BEC-BCS crossover 
[1] . The preparation of heteronuclear molecules is more 
challenging because it requires a controlled reaction be- 
tween two distinct atomic species. However, heteronu- 
clear molecules can have a strong elecric dipole moment, 
which leads to a range of new scientific directions [2] , in- 
cluding precision measurements, such as of the electron 
electric dipole moment [3], quantum computation medi- 
ated by dipolar coupling between molecular qubits [4] or 
in a hybrid system of molecules coupled to superconduct- 
ing waveguides [5], many-body physics with anisotropic 
long-range interactions [6, 7], and ultracold chemistry [8]. 

A number of experiments have explored molecule for- 
mation in ultracold atoms using photoassociation and 
Feshbach resonances [2]. Due to the lower abun- 
dance of fermionic alkali isotopes, only one heteronuclear 
fermionic molecule 40 K 87 Rb has been produced at ultra- 
cold temperatures [9]. Fermionic molecules are appeal- 
ing due to Pauli suppression of s-wave collisions between 
identical fermions [10], as well as prospects for preparing 
fermions with long-range interactions as a model system 
for electrons with Coulomb interactions [6] . In this paper, 
we report the formation of a new fermionic heteronuclear 
molecule 23 Na 6 Li. 

NaLi has at least three unique features due to its con- 
stituents being the two smallest alkali atoms. First, 
its small reduced mass gives it a large rotational con- 
stant, which suppresses inelastic molecule- molecule col- 
lisions that occur via coupling between rotational lev- 
els [11]. Second, NaLi is reactive in its singlet A 1 E + 
ground state, meaning that the reaction NaLi + NaLi 
— > Na 2 + Li 2 is energetically allowed [12], but with an 
unusually small predicted rate constant of 10~ 13 cm 3 /s 
that is by far the lowest among all reactive heteronu- 



clear alkali molecules [13] and should allow lifetimes > 1 
s even without dipolar suppression [14]. This is related 
to NaLi having the smallest van der Waals Cq coefficient 
of all heteronuclear alkali atom pairs [15], which results 
in weak scattering by the long-range potential. Finally, 
this slow collision rate, together with weak spin-orbit cou- 
pling in diatomic molecules with small atomic numbers 
Z of its constituents [16], may allow a long-lived triplet 
a 3 S + ground-state in NaLi. This state has nonzero elec- 
tric and magnetic dipole moments, opening up the pos- 
sibility of exploring physics ranging from magnetic [17] 
and electric field control [18] of molecule-molecule col- 
lisions to realizing novel lattice spin Hamiltonians with 
coupling mediated by the electric dipole moment [19]. In 
addition to these three features, we note that NaLi has 
only a moderate dipole moment of 0.5 Debye [20] in its 
A 1 E + ground state, comparable to KRb. Larger electric 
fields are required to align this dipole moment due to the 
large rotational constant B — 0.4 cm -1 [21]. 

An earlier effort to produce NaLi Feshbach molecules 
was unsuccessful [22] due to incorrect assignments of in- 
terspecies Feshbach resonances between 23 Na and 6 Li 
[23, 24], which predicted many resonances to be much 
stronger than in the recently revised assignments [25]. 
For molecule formation the relevant figure of merit of a 
Feshbach resonance is its energetic width Eq [1]. The 
more familiar width AB characterizes the visibility of 
scattering length modification relative to the background 
scattering length a,b g and is not directly relevant for 
molecule formation. Eq and AB are related by AfiAB = 

J EqU 2 jraa\ g , where A/i is the differential magnetic mo- 
ment between the atomic and molecular states and m is 
the reduced mass of the two particle system. Previously, 
NaLi resonances observed below 1000 G were assigned to 
I = molecular bound states, where I is the rotational 
angular momentum of the molecule. The strongest of 
these resonances had a predicted width Eo/h = 6 kHz 
[24]. The revised interpretation [25] assigns these reso- 
nances to I — 2 molecular bound states coupled to the 
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FIG. 1. Determination of Feshbach resonance location. 
Shown is the remaining atom number as a function of the end- 
point of a downward magnetic field sweep across resonance. 
Results are fitted to a hyperbolic tangent function (solid line) 
with center 745.38 G and width 40 mG. The normalized atom 
number along the vertical axis is a sum of Na and Li atom 
numbers, each normalized to 1. 

/ = open-channel via magnetic dipolc-dipole interac- 
tions, with Eo/h = 5 Hz for the strongest resonance, 
which is three orders of magnitude smaller. 

This small Eq results in a uniquely challenging situ- 
ation for molecule formation. The Feshbach molecule 
has open-channel character only for magnetic fields B 
around resonance Bo such that B — Bq < Eo/Afj, = 2 /xG 
[26]. This is impossible to resolve experimentally, and 
precludes molecule formation via radio-frequency (RF) 
association [27] or modulation of the magnetic field at 
a frequency resonant with the molecular binding energy 
[28], both of which require a large open-channel contri- 
bution for good wave-function overlap between atomic 
and molecular states. This leaves magnetic field sweeps 
across resonance as the only feasible approach. 

Such sweeps can be described as a Landau-Zener level- 
crossing of the molecular state and the unbound pair of 
atoms. In this simplified picture the molecule conversion 
fraction / mo i = 1— e~ 27r<5 , with a Landau-Zener parameter 
S given by [1, 29] 

g _ jhQ) 2 = Anhn ABa bg = 1 {E F /E f/ 2 
HAfiB 2m B 3vr hAfiB/E 2 



1 / — 3 /2 1/2 

where £1 = ^\JE F ' E Q ' /3ir is the Rabi frequency for 
atom-molecule coupling, with an effective Fermi energy 
Ep = (67r 2 7i) 2 / 3 ?i 2 /m which expresses the atomic density 
n in energy units for bosons as well as for fermions. fl 
corresponds to the width of the level-crossing, and for 
efficient molecule formation 5 > 1, the magnetic field B 
must be varied across a region of width hQ/Afj, around 
resonance in a time > l/Q. In our experiment we use 
the strongest Feshbach resonance from the revised as- 
signments [25], located at Bq = 745 G, with AB = 10 
mG, dbg = — 70ao, A/i = 2/ib, Eq/Ah=2 /zG as men- 
tioned earlier, and Ml/ 'A/i = 2 mG for the experimental 
densities specified below. Working with such a narrow 



FIG. 2. Experimental sequence for molecule formation. After 
waiting for the magnetic field B to stabilize at 745.68 G, we 
sweep the field across resonance to B = 745.19 G in 800 fis, 
at a constant rate of 600 mG/ms. At the end of the sweep, si- 
multaneous pulses of resonant light remove Na and Li atoms 
from the trap within 100 fis while leaving molecules unaf- 
fected. After a variable hold time for lifetime measurements, 
molecules are detected by jumping back above resonance and 
imaging dissociated atoms. The magnetic field can also be 
kept below resonance to confirm that bound molecules are 
invisible to the imaging light. 



resonance at 745 G requires careful stabilization of large 
magnetic fields. Molecule formation experiments with 
other comparably narrow resonances have been done, but 
at much lower fields, for example Cs2 [30] and 6 Li K [31]. 

Experimentally we achieve <10 mG root-mean-square 
(rms) magnetic field noise. The power supply produces 
current fluctuations corresponding to 200 mG of noise 
at 745 G. Active feedback stabilization of the current 
reduces the noise to < 10 mG rms after synchronizing 
experimental sequences with the 60 Hz line frequency. 

We produce a near-degenerate mixture of 23 Na atoms 
in the 2 <Si/2 \F, raj?) — |2,2) state and 6 Li atoms in the 
2 Si/2 1 3/2 , 3/2) state in a cloverleaf magnetic trap, using 
an apparatus similar to the one described in Ref. [32]. 
The mixture is then transferred into a 5 W single-beam 
optical dipole trap at 1064 nm. In the optical trap we 
spin-flip both species with simultaneous Landau-Zener 
radio-frequency (RF) sweeps at a small bias field of 15 G 
to the hyperfine ground states Na |1, 1) and Li 1 1/2, 1/2). 

From low magnetic field we first jump far above the res- 
onance to 752 G, and after waiting 200 ms the mixture 
is evaporatively cooled, leaving 1 x 10 6 each of Na and 
Li at a temperature of 1.2 fiK. Here, the weak magnetic 
field curvature along the optical dipole trap provides ad- 
ditional axial confinement, giving radial and axial trap 
frequencies (v ri v z ) of (920 Hz, 13 Hz) for Na, and (2.0 
kHz, 26 Hz) for Li. The temperature of the mixture is 
near the onset of condensation for the bosonic Na, with 
T/T c = 1.2, and T/Tp = 0.3, where for our trap parame- 
ters the condensation temperature for Na is T c = 1.0 /xK 
and the Fermi temperature for Li is Tf = 4.1 fiK. The 
peak in-trap densities are 2.5 x 10 13 cm -3 for Na and 
1.4 x 10 13 cm -3 for Li. 
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FIG. 3. Absorption imaging of molecular clouds using dis- 
sociated Na (a, b) and Li atoms (c, d). The lower images in 
each pair (b, d) are taken after switching above resonance and 
dissociating molecules into free atoms. The upper images (a, 
c) are reference images with the field below resonance, where 
free atoms have been removed from the trap and the molecules 
are invisible to the imaging light. 



The precise location of the 745 G resonance is deter- 
mined by jumping down to 745.9 G, waiting 15 ms for 
the field to stabilize, and then sweeping the magnetic field 
down at a constant rate of 50 mG/ms but with a variable 
end-point. The total atom number remaining after the 
sweep drops sharply as the end-point crosses the Fesh- 
bach resonance (Fig. 1). This measurement determines 
the location of the Feshbach resonance to be 745.38±0.04 
G, providing a precise target field for molecule formation 
sweeps. Note the 40 mG width from Fig. 1 is not directly 
related to E , ft or AB. 

A typical molecule formation sequence is shown in Fig. 
2. The start and end points of the magnetic field sweep 
are chosen to be as close to resonance as possible while 
still being outside the region of atom-molecule coupling 
defined by Q. This maximizes the formation efficiency, 
because molecules form and begin to decay immediately 
after crossing the coupling region around resonance. 

At the end of the sweep, laser pulses resonant with 
the 589 nm 2 S* 1/2 -1/2, 3/2) ->• 2 P 3/2 | -3/2, 3/2) tran- 
sition in Na and the 671 nm 2 S 1/2 | — 1/2, 1> 2 P 3/2 
| — 3/2 , 1) transition in Li remove > 90% of the remain- 
ing free atoms from the trap (states written in high-field 
basis \mj,mi)). For closed-channel Feshbach molecules, 
the excitation spectrum is sufficiently different from free 
atoms, so NaLi molecules are mostly unaffected if the 
laser pulses are not too long. After a variable hold time 
for molecule lifetime measurements, the field is switched 
above resonance, where bound molecules rapidly dissoci- 
ate [33] . Imaging the free atoms gives us a measure of the 
molecule number, which for our optimized sweep param- 
eters gives a formation fraction of 5%. This corresponds 
to a molecule number of 5 x 10 4 . 

To confirm that the detected atomic signal is indeed 
from dissociated molecules, we check that imaging while 
keeping the magnetic field below resonance gives a negli- 



FIG. 4. Separation of atoms and molecules in a magnetic 
field gradient. Absorption images of (a) free Li atoms, (b) 
separated clouds of atoms and dissociated molecules, and (c) 
molecules with free atoms removed, taken 3 ms after release 
from the crossed optical dipole trap in a 6 G/cm gradient. 



gible signal (Fig. 3). Below resonance, bound molecules 
have a vanishing absorption cross section a and are invis- 
ible to the imaging light, while for free atoms a is nearly 
identical to above resonance because the Zeeman shift 
produced by magnetic field changes of 500 mG is much 
smaller than the atomic linewidth. A second, indepen- 
dent confirmation of the molecular signal comes from re- 
leasing the trapped mixture in a magnetic field gradient, 
and demonstrating that the expanding atomic and molec- 
ular clouds separate from one another (Fig. 4) because 
of their differential magnetic moment Afj,. To observe 
this separation, we added additional optical confinement 
along the magnetic field gradient direction, using a sec- 
ond beam to form a crossed-beam optical dipole trap. 

We measure the lifetime of trapped NaLi molecules 
(Fig. 5) by varying the hold time before switching the 
magnetic field above resonance for dissociation and imag- 
ing. With > 90% of both species of remaining atoms 
removed, the molecular lifetime is 1.3 ms. This lifetime 
appears to be limited by collisions with other molecules 
or leftover atoms rather than by photon scattering, since 
it does not increase significantly with reduced intensity 
of the trapping laser. It can be enhanced by suppressing 
molecule-molecule collisions in a 3D optical lattice [34] 
and fully removing residual free atoms from the trap. 
The molecular lifetime drops to 270 /is when keeping 
free Na and Li atoms trapped with the molecules. Fi- 
nally, if only Li atoms are removed before the hold time 
and not Na, the lifetime is 550 fis. The presence of 
free atoms increases the molecular decay rate because 
of inelastic collisions with molecules. Our lifetime mea- 
surements show that Na and Li each give comparable 
contributions to this increased decay, which is consis- 
tent with the constituent atoms in the closed-channel 
NaLi molecule being distinguishable from free Na and 
Li atoms, meaning that quantum statistics does not play 
a role in collisions. In contrast, experiments with open- 
channel KRb molecules [35] showed a sharp dependence 
of lifetime on the quantum statistics of the atomic colli- 
sional partner. The lifetimes above can also be reported 
as two-body loss-rate constants /?NaLi+Na ~ 

1 x 10" 1U 
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FIG. 5. Lifetime of trapped NaLi molecules after removing 
remaining free Na and Li atoms from the trap (solid squares). 
Fitting to an exponential gives a decay time constant of 1.3 
ms. For comparison, the lifetime without removing remaining 
free atoms from the trap is 270 fj,s (open circles). The nor- 
malized molecule number along the vertical axis is a sum of 
Na and Li atom numbers, each normalized to 1 at zero hold 
time, detected from dissociating bound NaLi molecules. 

cm 3 /s and /3NaLi+Li ~4x 1CT 10 cm 3 /s. 

The Landau-Zener parameter in our experiment is es- 
timated to be 6 = 0.13 by choosing n in Eq. 1 to be the 
larger of and nu- This corresponds to / mo i = 56%. 
The discrepancy with the observed molecule fraction of 
5% has several explanations. The simplified Landau- 
Zener picture above assumes full phase space overlap be- 
tween the atoms involved in molecule formation, which 
is only true in a Bose-Einstein condensate at T = 
[36, 37]. In a Bose- Fermi mixture like NaLi, the phase 
space overlap is lower, reaching a maximum around the 
boson condensation temperature T c because at lower T 
the Na condensate begins to have less spatial overlap with 
the fermionic Li [27]. The phase-space overlap between 
Na and Li is further reduced because of their different 
trapping potentials [38]. Finally, the optimized sweep 
time of 800 fis is much longer than the 270 /is lifetime 
of NaLi molecules when trapped with free atoms, mean- 
ing that 80% of molecules formed are lost, assuming that 
molecule formation occurs at the midpoint of the sweep. 

In summary, we have succeeded in forming fermionic 
23 Na 6 Li molecules around a narrow, closed-channel dom- 
inated Feshbach resonance at 745 G. Optimized magnetic 
field sweeps across resonance result in a molecule conver- 
sion fraction of 5% for our experimental densities and 
temperatures, corresponding to a molecule number of 
5 x 10 4 . The observed molecular decay lifetime of 1.3 
ms is enough to begin exploring routes for reaching the 
ro- vibrational ground state of the molecule by stimulated 
Raman transitions [9] , and to explore the unique features 
of this smallest heteronuclear alkali molecule. 
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